In this paper, a microstrip split ring resonator microwave-induced plasma source is developed. The goal of this work is to implement the resonator into a micropropulsion system. This project evaluated three designs of the resonator to understand how the width of the ring microstrip can impact the microplasma properties. Each resonator was designed and fabricated to operate at ~961 MHz. Simulations of the electric fields were performed. Single Langmuir probe measurements were done at 10 Torr to obtain the electron density, temperature, and plasma potential. The microwave power was varied from 10-15 W. The results show that the 1.5 mm wide resonator has the greatest electron temperature compared to the 0.5 mm and 1 mm. The electron density is also greatest for the 1.5 mm device. Ion density is higher for the 0.5 mm compared to the 1 mm and 1.5 mm. The simulations show that with an increase in ring width, there is an increase in electric field in the microstrip of the resonator. These results helps to understand the relationship between microstrip width and the microplasma produced. As a result of this research, the proper split ring resonator source is determined for implementation into a microthruster. Overall, this research will lead to the production of an optimized microplasma source for microthruster applications. 
Nomenclature

c
= speed of light f = frequency λ = wavelength ε r = relative permittivity n = ion density n e = electron number density I 0 = electron current e = electronic charge φ = potential k = Boltzmann constant M = ionic mass m = electronic mass A = probe area
I. Introduction
icroplasma discharges can be formed in a variety of configurations. The configuration discussed in this report is the split ring resonator (SRR) microstrip. In this design, electromagnetic fields are transferred into a small air gap (approximately 500 microns) by connecting a microwave source input to an SMA connector connected to the microstrip and ground plate. The input conducts through the ring of the microstrip to the gap where the microplasma is generated. At the gap, an is formed that is strong enough to cause collisions that will remove electrons from the 1 Graduate Research Assistant, Propulsion Research Center, AIAA Student Member. 2 Assistant Professor, Mechanical and Aerospace Engineering, AIAA Senior Member. M molecules. This is the ionization process that produces the ionized gas molecules. From this discovery, microstrip resonator microplasmas were found to have many capabilities in a variety of applications. Some medical and industrial applications include sterilization 1, 2 , treatment of skin 3 , surface activation 2 , nanomaterial synthesis 4 , and thin film coating. 5 However, this paper discusses the utilization of microplasmas for space propulsion. 6 This paper does so by understanding the properties of the microwave microplasma produced by the microstrip source. From this understanding, the microstrip source can be optimized to produce a microplasma better fit for propulsion applications.
With the use of photolithography and wet etching techniques, we can create a variety of microstrip designs. The focus in this paper will be on the width of the ring of the microstrip over a range of microwave powers. This research will determine if this physical characteristic of the microstrip can change the microplasma properties. The primary plasma properties that should be considered for propulsion applications are the plasma density and electron temperature. Changes in these properties can affect the performance of a microthruster. A model of the electric field formed in the microstrip structure is also developed to predict which geometric design of the ring would produce the most suitable plasma for a microthruster.
Some microthruster concepts currently exist; however, the microwave microplasma design proposed here presents a printable thruster that is simple, cost-effective, and light weight. With the use of microwave microplasma discharges in previous space missions, overall costs have decreased and simplification of the microthruster structures were accomplished. 7 This can potentially lead to an increase in rate of missions with shorter development periods. 7 In particular, electrothermal microthrusters provide the simplest method for production in comparison to electrostatic and electromagnetic thrusters. 6 The goal of this paper is to focus on the microwave microplasma source, similar to the sources developed by Iza and Hopwood 8 , and optimize the source for electrothermal microthrusters implementation.
II. Background
Electromagnetic waves propagate through the split ring resonator generating an across a small discharge gap located along the ring. The microwave resonator is designed to be half the wavelength corresponding to the frequency used and dielectric constant of the substrate found in the following Eq. (1).
Here, c is the speed of light, λ is the wavelength, and ε r is the relative permittivity. After targeting a frequency, a nominal diameter was found and the widths of the rings were selected arbitrarily. As the electromagnetic waves propagate through the device, the dielectric material reduces any losses within the insulating material and allows the electromagnetic field to mainly develop along the microstrip. The microwave is then confined to the conductor as it travels along the copper cladding, oscillating between the microstrip plane and the ground plane. Once the electromagnetic wave reaches the discharge gap, an electric field develops between both ends of the gap as a capacitively coupled plasma would, and the gas within this gap is ionized.
In order to ensure optimal operation within the system, the characteristic impedance of the SRR must be matched with the impedance of the circuitry. This is to ensure that the microwaves travelling through the circuitry see the same resistance until it reaches the antenna. Once this is achieved, an optimum amount of power is delivered to the SRR and a maximum coupling efficiency is achieved. One aspect of optimizing the device, is determining the appropriate phase offset angle of the discharge gap. Equation (2) shows the relationship between the offset angle, the impedances, Z, and the theoretical quality factor, Q. 5, 9 (2) After tuning is completed, it is assumed that the input impedance and the characteristic impedance are matching, therefore, Eq. (1) is primary governed by the quality factor. Equation (3) can be used to determine the quality factor while Equation (4) can be used to find the attenuation factor, α, used in the quality factor calculation.
Here, P L represent the power losses and P 0 represent the real power into the transmission line. 10 These values can be determined experimentally based on the forward, reflected, and input powers. Knowing the attenuation factor and the quality factor, Eq. (2) can be solved for the offset angle.
Once the microplasma is generated, there will be a formation of ions and electrons that will need to be analyzed. A Langmuir probe setup is implemented into the experiment so that these particles can be detected and plasma properties such as floating potential, plasma potential, electron temperature, electron and ion density can be determined. With the Langmuir probe setup, a bias voltage is applied to the probe so that it may attract the ions or electrons to the probe. Knowing the exposed area of the probe, the current is then collected at that particular voltage. This is performed over a range of potentials and a Langmuir curve is formed. Once enough positive or negative bias voltage is applied, electron or positive ion saturation should be examined from the Langmuir curve.
Using the data from Langmuir curve, the electron temperature is determined from the slope of a plot ln(I e ) against V. The floating potential and plasma potential are determined at the point the curve crosses zero along the xaxis, and at the intersection of the electron saturation line and the electron retardation line, respectively. The following equations represent the determination of electron and ion densities, respectively.
Here, n e is the electron number density, n is the ion density, I 0 is the electron current, e is the magnitude of the electronic charge, m is the electronic mass, M is the ionic mass, φ is the value of the DC potential, k is the Boltzmann constant, and A is the probe area.
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III. Experiment
A. Resonator Device Characteristics and Fabrication
Designing the resonator device, the dielectric material used is a RT/Duroid 6010 laminate with a dielectric constant of ~10.2 and the microstrip is made from a thin film of copper cladding, ~34 microns. With a material with a high relative permittivity as the insulator and a good conductor on both sides of the insulator, this laminate shows good potential for microplasma applications. Figure 1 provides a generic schematic of the split ring resonator. The design sits on the Rogers Duroid substrate with a copper ground plate on the back and an SMA connector is attached to the end of the source. Figure 2 shows a fabricated SRR device with a 1 mm SRR width. Resonators with a width of 0.5 mm, 1 mm, and 1.5 mm were designed and developed to produce microplasmas. The microwave frequency and input power are set at 961 MHz and ~10 W of power. It was shown that if a partial vacuum of ~10 Torr is obtained, with a 2 mm gap, an ignition power of ~4 W is required. 9 Based on this data, this system is placed in a similar partial vacuum environment with a 500 micron discharge gap and an input power of up to 10 W. The same procedure is applied for each resonator and all plasma properties are recorded corresponding to the ring width. After understanding the development of the source, including substrate, microstrip structure, and geometric dimensions, the next key question that arises is the placement of the discharge gap. In order to determine this placement, the simulation software High Frequency Structure Simulator (HFSS) was used. This software simulated the electric field induced by the microwave signal within the SRR and provided the information needed to properly choose the location of the gap. With this final information, each microplasma device can be fabricated. The results of this simulation is shown in the results portion of this paper.
B. Experimental Setup
A schematic of the experimental setup is shown in Figure 3 . As discussed, this setup delivers a microwave signal to the source, and a Langmuir probe is used to collect current measurements. The experiment begins by setting the microwave signal generator to the specified frequency and the initial input power. The resonant frequency in this paper is 961 MHz and the pre-amplified input power is -8.0 dBm. The signal will then increase in power by +48 dB with the RF amplifier used in this experiment. Overall, our total input power sent to the microplasma source varies from ~10 Watts up to 15 Watts. This input power was chosen based on the capabilities of the RF amplifier and the required ignition power for this system, also based on previous research on microstrip microplasma sources. 9 The Bird 43 wattmeter is used to measure the forward and reflected power in the circuit. This will help us ensure that our forward power is at a maximum and our reflected power is at a minimum. To accomplish maximum forward power, a stub tuner is implemented to perform the impedance matching. The impedance along this circuit is maintained at 50 Ω as standard SMA, BNC, and RG-58 cables were used for the experiment. Following the stub tuner, the transmission line then enters the vacuum chamber which will be set to approximately 10 Torr. This pressure was decided based on previous research as these experiments were able to produce microplasmas with a lower input power at this pressure. 8, 9 The signal then reaches our source and a microplasma is formed.
Once the microplasma is generated, the Langmuir probe mounted near the source is used to collect current measurements. This part of the experimental setup utilized a Keithley device in line and between the probe and ground. The Keithley provides the potential to the probe so that it can obtain a positive or negative bias. This bias will attract electrons and ions respectively to the probe and the collected particles will induce a current travelling to ground. In this process, it will travel through the Keithley providing our current measurement. With the obtained current corresponding to the voltage applied from the Keithley, a Langmuir I-V (Current -Voltage) curve can be obtained. This curve is then analyzed to determine our floating potential, plasma potential, and other plasma properties. These Langmuir probe measurements and calculations are performed for each microplasma source design. The plasma parameters determined from each microstrip structure is then compared and discussed for micropropulsion applications. 
IV. Results and Discussion
The results presented in this section review the simulations performed, the current voltage data obtained, and the plasma properties calculated. The properties primarily focus on in this section is electron temperature and electron and ion densities. These properties are assumed to have the greatest impact on the performance of a microthruster due to these measurements correlating directly to the energy of the plasma and the amount of mass leaving the thruster.
A. Simulation
Simulations using the HFSS provide an idea of what kind of electric fields exist in the microstrip of the microplasma sources. Based on the intensity of the electric field, we can predict which microstrip geometry would be most effective as a propulsion device. A higher intensity would lead to higher energy plasma which increases the electron temperature and plasma densities due to more collisions. Overall, these simulations give us a better understanding of how the width of the SRR can change the field strength. However, it is still unclear if the width of the SRR has an existing correlation with the plasma properties. The simulations performed for this project were for three types of SRRs. Figures 4, 5 and 6 below shows the strength in the microstrip for the 0.5 mm, 1 mm, and 1.5 mm SRR widths, respectively.
Knowing the forward power and the input power, the losses in the transmission line is determined to be ~2 W after tuning. These losses are consistent at all power levels. The quality factor is then determined using Eq. (3) to calculate the offset angle of the discharge gap. The quality factor determined is 310 and the offset angle from 180° of the source input is ~8.5° clockwise. The device was fabricated at an offset of approximately ~15° as the initial simulations from HFSS showed that this location had the greatest e-field intensity. The calculation to determine the appropriate offset angle was performed after the device was fabricated and experimented. According to the simulations, it is clear that with an increase in SRR width, the maximum electromagnetic field intensity increases. It is noted that a smaller increase is obtained between 0.5 mm and 1 mm, but a dramatic increase occurs from 1 mm and 1.5 mm. This non-linear behavior can be caused by the mismatching of the wavelength of the RF source and the SRR width. The component of the electromagnetic wave propagation in the microstrip along the width of the SRR may also need to match a certain factor of the wavelength. It is probable that with a 1.5 mm width, there is a closer match to a factor of the wavelength than 0.5 mm or 1 mm. A consistent location for the discharge gap was chosen, located ~165° clockwise from the input due to the simulations and the offset angle calculation. It was also decided that a consistent discharge gap location provides a better comparison when looking at different SRR widths. When looking at the value of electric field at this location, the recorded intensities of the 0.5 mm, 1 mm, and 1.5 mm device are 49,423 V/m, 413,870 V/m, and 8,984,500 V/m, respectively.
Based on simulations, we see the magnitude of the e-field increase at the targeted location. This is primarily due to the SRR width changing the distribution of the electromagnetic field. With an increase in SRR width, a larger surface area is available for electromagnetic field to propagate. With more propagation, a larger E-field may be obtained. This impacts the magnitude of the field throughout the microstrip. It is important to also acknowledge the fringing fields at the edges. 8 The intensity in the 0.5 mm design with the gap shows to have the lowest maximum intensity compared to the 1 mm and 1.5 mm with the gap. Also, the intensity in the 1.5 mm is significantly higher when compared to the 0.5 mm and the 1 mm simulation. Essentially, a larger SRR width lead to a higher intensity achieved at this particular gap location.
B. Current-Voltage Curve
Utilizing the Langmuir probe setup, a diagnosis of the microplasmas is shown in the following figure. After the microplasma was ignited, a bias voltage was applied; the acquired current data for the 0.5 mm SRR is shown below in Figure 7 . The measurments here are for one SRR design operating over a range of powers. This gives a representation of the experimental data. It is noticed that with an increase in power, the curve shifts to the right; presenting a higher floating potential and plasma potential. It also appears that the electron retardation region becomes shallower and the electron saturation field increases as power increases. This would lead to higher electron temperatures. This is expected as power is increased.
C. Electron Temperature
The electron temperature found in the microplasma for each SRR is show in Figure 8 with respect to change in power. The 1 mm and 1.5 mm designs show some expected results. The 1.5 mm design had a higher electron temperature over the entire range of powers when compared to the 1 mm design. This shows that an increase in width can lead to higher electron temperatures which may be desirable for micropropulsion applications. The 0.5 mm design seemed to experience a dramatic increase in electron temperature as power increases. This may be due to the fringing electric fields discussed by Iza.
8 Fringing in electromagnetic fields should only occur at the edges and fringe outwards. However, with the 0.5 mm design having a significantly smaller width, the fringing fields may be contributing to the electron energy growth.
D. Electron and Ion Densities
The electron and ion density found in the microplasma for each SRR are shown in the following figures with respect to change in power. The electron density determined from the current voltage data seems to show a steady behavior. At ~11.2 W, a dip in electron density is seen for the 0.5 mm and 1.5 mm SRRs. All SRRs show a general increase in electron density as power increases. Ion density experiences a steady change in magnitude with an increase in power as well. As power increases, ion density increases. This is expected as higher power would lead to higher energy electrons inducing more ionization. The rate of increase in ion density and the magnitude of ion density is observed to be higher as SRR width decreases. The magnitude of ion density being an order of magnitude greater than the electron density can be due to the mass of the ions being significantly heavier than the electrons. The non-linear behavior of rate of power increase may be directly caused by the SRR width. With a smaller width, an increase in power concentrating on less material and at a smaller gap location can lead to a higher rate of change in ion density since the waves will be propagating faster in the smaller width compared to the larger width.
It is observed, that the electron temperatures and electron density have a directly proportional behavior corresponding to SRR width, but the ion density increases for the smaller width. The electron temperature and electron density is highest for the 1.5 mm device but this is not consistent with the ion density. ?
V. Conclusion
The plasma properties for different SRR devices were found and a relationship between these properties and the SRR widths are studied. With an increase in SRR width, simulations show that the maximum electromagnetic field intensity increases. The discharge gap location and size was decided and placed for all designs for consistency. The plasma properties were determined using Langmuir probes. For the purpose of micropropulsion, electron temepratures and densities were examined, as a higher electron temperature and density would be desired for higher thrust. Looking at the electron temperature, the 0.5 mm device showed some non-linear behavior, but the 1.5 mm showed a higher and steady electron temperature over power. With a larger SRR width, a higher electron temperature is obtained. Electron density was determined to be greatest in the 1.5 mm device. This follows the simulations and the electron temperature data as a higher electromagnetic field and higher electron temperatue would indicate a higher presence of ionization, hence density, for the 1.5 mm device. However, it is noted that the 1.5 mm SRR also had the lowest ion density. Overall, depending on the acceleration mechanism of the micropropulsion device, a higher electron temperature, and a high overall plasma density is desired. The 1.5 mm SRR device would be best suitable. This is recommended in particular for an electrothermal propulsion device as all particles within the thruster will be accelerated and utilized for thrust. Figure 11 . Tabulated data of plasma parameters corresponding to power and SRR width.
